Arrays of neutral-atom qubits in optical tweezers are a promising platform for quantum computation. Despite experimental progress, a major roadblock for realizing neutral atom quantum computation is the qubit initialization. Here we propose that supersymmetry-a theoretical framework developed in particle physics-can be used for ultra-high fidelity initialization of neutral-atom qubits. We show that a single atom can be deterministically prepared in the vibrational ground state of an optical tweezer by adiabatically extracting all excited atoms to a supersymmetric auxiliary tweezer with the post-selection measurement of its atomic number. The scheme works for both bosonic and fermionic atom qubits trapped in realistic Gaussian optical tweezers and may pave the way for realizing large scale quantum computation, simulation and information processing with neutral atoms.
Introduction.-Neutral atoms trapped in optical tweezer arrays [1] have emerged as a promising candidate for quantum computation and simulation [2] [3] [4] [5] due to their attractive features such as identical qubits, large scalability through atom-by-atom assemblers [6] [7] [8] [9] [10] [11] , and high precision control and measurement. For neutral atom qubits, high-fidelity single qubit gates have been realized using microwave or two-photon Raman transitions [12] [13] [14] [15] [16] [17] [18] . Two-qubit gates have been realized using short-range collision or long-range Rydberg interactions [19] [20] [21] [22] [23] [24] [25] [26] , with significantly improved gate fidelity in recent years.
Experimental progress has been made on high-fidelity neutral atom qubit initialization that requires deterministic preparation of single atom on the vibrational ground state of an optical tweezer, but major obstacles still exist. For bosonic atoms, interaction blockade and singleatom rapid imaging allow the deterministic preparation of a single atom in an optical tweezer, and defect-free atom arrays with up to tens of single atoms have been demonstrated by rearranging the occupied tweezers [7] [8] [9] [10] [11] . However, atoms in the tweezers are subject to imaging heating and the experimental ground-state cooling is far from perfect due to photon recoil in sideband cooling [27] [28] [29] . For fermionic atoms, high-fidelity preparation of a few atoms is possible through the method of trap deformation [30, 31] . However, to obtain a single fermion ground state, the trap need be tilted and ramped down to an extremely low depth to spill the excess atoms, making the process very sensitive to external potential noises and requiring a long trap-deforming time to avoid heating. For both bosons and fermions, the fidelity to prepare a single atom in the ground state of a tweezer is ∼ 90% for realistic experiments [27, 29, 31] .
Supersymmetry theory was first proposed within the context of particle physics and became one possible solution to many important problems in high-energy physics [32] . Though supersymmetry in particle physics remains to be observed, it has found applications in areas including condensed matter physics, cold atoms as well as optics [33] [34] [35] [36] [37] [38] [39] .
In this Letter, we propose a scheme to achieve ultrahigh fidelity single atom ground state preparation in an optical tweezer based on adiabatically extracting excited atoms to its supersymmetric partner, an auxiliary tweezer. For bosons, we can prepare a single atom [7] and transfer its excited components to the supersymmetric auxiliary trap, followed by postselecting the measurement result with an empty auxiliary tweezer (i.e., the single atom stays on the ground state of the original tweezer). For fermions, we start from a multi-atom occupation state [31] and transfer all excited atoms to the supersymmetric auxiliary tweezer. We consider realistic Gaussian optical tweezers and show that ultra-high fidelity ground state preparation can be achieved in a short time interval for both bosons and fermions.
Supersymmetry.-In quantum mechanics, supersymmetry theory involves a pair of partner Hamiltonians such that for every eigenstate (except the zero energy ground state) of one Hamiltonian H 1 , its partner Hamiltonian H 2 has a corresponding eigenstate with the same energy [33] . The supersymmetric isospectrality can be established by factorizing the Hamiltonian in terms of two operators A and A † supersymmetry is unbroken. Otherwise, the supersymmetry is broken if the ground eigenvalue of H 1 has a counterpart in H 2 , as illustrated in Fig. 1 .
For the nonrelativistic Schrödinger problems, one can always identify two supersymmetric potentials, V 1 (x) and the superpartner V 2 (x), that are entirely isospectral except for the ground state of V 1 (x). Here we are interested in neutral atoms trapped in optical tweezers, and only low energy bound states are relevant. We consider a deep optical tweezer with N b bound states that are filled with N a non-interacting neutral atoms (N a is much smaller than N b ). Only the first N bound states (with N N b ) are relevant if the system is pre-cooled to a low temperature (one has N N a for spin-polarized fermions). Here we still call V 2 (x) the superpartner tweezer of V 1 (x) if the first N bound-state energies of V 1 (x) (except for the ground state) are exactly matched by the first N − 1 bound-state energies of V 2 (x).
Adiabatic extraction.-Although our scheme can be applied to any dimension, we will first limit our analysis to one spatial dimension to simplify the calculation. We assume significantly strong trapping along transverse directions, where only the ground transverse state is occupied. We consider a main optical tweezer V 1 (x) with non-interacting atoms populating only the first N bound states (i.e., the populations on higher energy states are negligible), and introduce an auxiliary empty tweezer V 2 (x) that is the superpartner of V 1 (x). Within the subspace spanned by the first N bound states, the Hamiltonians read
The adiabatic atom extraction is performed as follows: (i) The auxiliary tweezer V 2 (x) is deformed such that its eigenenergies are increased by ∆. (ii) V 2 (x) is transported toward the main tweezer V 1 (x) adiabatically, and the bound state |ϕ 1,n is coupled with its counterpart |ϕ 2,n for n ≥ 1. (iii) V 2 (x) is adiabatically deformed to decrease its eigenenergies by −2∆ and then transported away from the main tweezer V 1 (x). After such an adiabatic process, all atoms in the excited states of the main tweezer are transported to the auxiliary tweezer, while atoms in the ground state |ϕ 1,0 are unaffected, as illustrated in Fig. 2 . As a result, the remaining atoms in the main tweezer is prepared in the vibrational ground state.
The time-dependent effective Hamiltonian can be writ-
(2) where we have neglected the far-off-resonance couplings which do not affect the adiabatic extraction. In fact, the adiabatic process is robust against perturbations, and the deformation and transport of the auxiliary tweezer are very flexible. The only requirement is |∆ n |, |J n | are much smaller than the energy level splitting |E 0 1,n − E 0 1,n±1 | during the adiabatic process. Furthermore, even if V 2 (x) is not initialized as the exact superpartner of V 1 (x) (i.e., E 0 1,n = E 0 2,n ), we can still extract all excited atoms as long as |E 0 1,n − E 0 2,n | |∆ n |, |J n | < |E 0 1,n − E 0 1,n±1 |. Physical realization.-Although our proposal does not rely on the specific shape of the tweezer, here we consider a realistic Gaussian trap function V 1 (x) = α 1 e −2x 2 /w 2 0 (see Fig. 3a ), where w 0 is the width and α 1 is the trap depth. As an example, we choose a typical width w 0 = 1 µm [7] and the trapping wavelength λ = 810nm [7] , and use the recoil momentum k R = 2π λ and energy E R = levels (we consider N = 5 here) of two optical tweezers are matched except for the ground state of V 1 . The extraction is realized by adiabatically tuning the depth δα(t) and center x c (t) of V 2 , as shown in Fig. 3b . The creation and manipulation of controlled optical tweezers can be accomplished with an electro-optic deflector which toggles between two voltages on a sufficiently-fast time scale so that the atoms experience a time-averaged effective potential [40, 41] . Merging and separating the supersymmetric tweezer pairs could be done by a programmed sequence of voltages that are applied to an electro-optic deflector. In Fig. 3c , we plot the spectrum of the system during the adiabatic process along the path in Fig. 3b , which is obtained by solving the real-space Schrödinger equation −
We see the spectrum is gapped all the time, while the eigenstates in the two tweezers exchange except for the ground state of V 1 . In principle, the extraction fidelity can achieve 100% for sufficient long adiabatic interval τ . Assuming an atom stays in state |ϕ 1,n at time t = 0, we define the fidelity F n as the probability to find the atom at time t = τ on the ground state |ϕ 1,0 of the main tweezer for n = 0 or in the auxiliary tweezer for n > 0. In Fig. 3d , we show the fidelities as functions of τ obtained from numerical simulating the time-dependent real-space Schrödinger equation. The extraction process is a multistate Landau-Zener problem, and there are couplings between different eigenstates when τ is small, yielding fidelities that are far below 1. The fidelity F n can be close to 1 at a larger τ . For a realistic shallow trap α 1 = −12E R , the fidelity can be up to F n 1 − 10 −5 with a short adiabatic interval τ 7ms (τ 70ms) for Li (Rb) atoms, which can be improved further by optimizing the adiabatic loop or using deeper tweezers.
We now consider the tweezer realized by a single strong and tightly focused Gaussian beam without additional transverse trapping (i.e., 3D). The trap is given by V 1 (r) = α 1 λ . In this case, the tight transverse trapping, realized by the Gaussian tweezer itself, is much stronger than the longitudinal trapping. Therefore, atoms would stay in the transverse ground state with high-probability after sideband cooling (laser culling) for bosons (fermions) [27, 28, 31] , and the overall fidelity is mainly limited by the residual excitations in the longitudinal direction. We may i) slowly bring the auxiliary tweezer to the main tweezer with their beam waists largely separated by z c along the longitudinal direction (see Fig. 4a ); ii) tune z c and δα along the adiabatic path (see the inset of Fig. 4b) ; iii) slowly move the auxiliary tweezer away from the main tweezer. Steps i) and iii) can be done with high fidelity due to large separation of the two tweezers. Here we focus on step ii) and solve the 3D Schrödinger equation numerically. We find that the extract fidelity can be up to F n ∼ 1 − 10 −4 with proper choice of parameters, as shown in Fig. 4b . A longer extraction time is needed to achieve higher fidelity.
Boson qubit initialization.-We assume an initial lowtemperature Fock state with N a = 1 atom. This is because, more than one atom may be left on the ground state after the extraction for N a > 1 non-interacting bosons, and the energy level coupling with the auxiliary tweezer would be strongly modified for interacting bosons. Fortunately, deterministic preparation of a single atom (i.e., N a = 1) in an optical tweezer has been realized through single atom imaging and the atom can be further sideband cooled with ground state population ∼ 90% [7, 27, 29] . Assuming a thermal population distribution, the total probability to find the atom on n > N states is < 10 −5 for N = 5. After the adiabatic extraction process, all excited components of the atom are transferred to the auxiliary tweezer, in which the atom number is measured. If one (zero) atom is detected in the auxiliary tweezer, we discard (keep) the atom qubit in the main tweezer. Such postselection measurement leads to deterministic ground-state preparation of the main tweezer with a total fidelity ≥ P 0 + n>0 P n F n ≥ 1 − 10 −5 (P n is the n-th state occupation probability). The detection of the auxiliary tweezer can be done by single-atom-resolved fluorescence imaging technique [2, 14, 42] , where a practical issue is that the resulting scattered resonant light may be absorbed by other qubits, degrading their fidelity (note that fermions do not need resonant detection during preparation, which is an advantage, see below). The resonant scattering light could be avoided by first transferring the auxiliary-tweezer atom to another hyperfine state (e.g., F = 2 state of 87 Rb) with ∼GHz energy splitting [13] , where the imaging laser (focused on the auxiliary tweezer) is far-off-resonance with the main-tweezer atoms in other qubits, thus would not disturb their states.
Fermion qubit initialization.-For fermions, we consider that the spins are polarized by a large magnetic field. First we prepare a Fock state with N a atoms. One can load atoms from a reservoir of degenerate fermion gas to the tweezer and spill excess highly excited atoms by varying the depth of the tweezer and the strength of a magnetic field gradient [30] , as realized in experiment [31] . Based on previous method, the trap needs to be tilted and ramped down to an extremely low depth in order to prepare a single fermion N a = 1 to the ground state, which not only makes the process very sensitive to potential noises (induced by fluctuations in laser intensity and magnetic field), but also requires a long trapdeforming time to avoid heating [30, 31] . These factors limit the overall preparation fidelity in a realistic experiment. Here, we consider a larger N a (e.g., N a = 4) so that the depth of the trap remains much higher than the ground state energy during the spilling process. As a result, the ground-state atom is hardly affected. Moreover, the perturbations of the magnetic field and the dipole trap, which may change N a by ±1 or ±2, do not affect our high-fidelity extraction as long as the ground state is occupied with a high probability. The total fidelity for fermions is ≥ P 0 Na−1 n=0 F n . For a reservoir with typical temperature T /T F = 0.5 and a tweezer with depth 5k B T F , we obtain P 0 > 1 − 10 −5 [43] . The total fidelity can be up to ∼ 1 − 10 −5 .
Discussion ranging tweezers, our method can initialize a large array of neutral atom (bosonic or fermionic) qubits to the vibrational ground state. In addition to quantum computation, such ground state single-atom tweezers can be used as building blocks for generating entangled states such as Dicke and NOON states [44] that are useful for high precision quantum metrology beyond the standard quantum limit 1/ √ N . The Dicke state is a symmetrized spin state with total spin J and z-component m z , corresponding to a twomode Fock state with J ±m z atoms in spin up and down. Such Dicke state can be realized by merging 2J singleatom optical tweezers, with J ± m z tweezers containing spin-up and down atoms (see Fig. 5 ). The repulsive interaction is turned on to ensure 2J atoms remaining on the ground state [45] during the adiabatic evolution. Here the many-body energy gap during the adiabatic merging is roughly given by the smaller one of two energy scales: the interaction energy E int (interaction between two atoms in one tweezer) and excited state energy E e (when the barriers between neighboring tweezers vanish). For typical tweezers and atom scattering lengths, E int can be up to several tens Hz, and E e ∼ E R 4J 2 is around a hundred Hz for J = 10 (i.e., 20 atoms), leading to the adiabatic merging time ∼ 10ms.
With 2J atoms on the ground state of one tweezer, we can slowly switch the repulsive interaction to attractive, then split the tweezer into two identical tweezers (see Fig. 5 ), generating a NOON state (i.e., a coherent superposition of all particles in the left or right tweezer) [45] . If the interaction energy is smaller than the single tweezer trapping frequency, even a sudden switching of the interaction would not excite the system [45] , which is still satisfied with 20 atoms in one tweezer. During this splitting, the many-body gap is enhanced by J times comparing to the merging process, thus can be done much faster. Both Dicke and NOON states can yield measurement precision scaling as the Heisenberg limit ∼ 1/N [44] .
Conclusion.-In summary, we propose a method to deterministically prepare a single atom to the vibrational ground state of an optical tweezer with high-fidelity. The scheme is built upon recent experimental progress on single atom preparation and sideband cooling, and applies to both fermionic and bosonic atom qubits. It addresses one major roadblock for realizing high-fidelity neutral atom qubit initialization, therefore may pave the way for the experimental realization of intermediate-scale neutral atom quantum computation and simulation. Our proposed qubit initialization can also be used to generate nonclassical quantum states which may find applications in other fields such as high precision measurement and quantum sensors.
Acknowledgements: XWL and CZ are supported by AFOSR (FA9550-16-1-0387), NSF (PHY-1806227), and ARO (W911NF-17-1-0128). Part of C.Z. work was performed at the Aspen Center for Physics, which is supported by National Science Foundation grant PHY-1607611.
